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Abstract

In this pilot study water was extracted from samples of two Holocene stalagmites from
Socotra Island, Yemen, and one Eemian stalagmite from southern continental Yemen.
The amount of water extracted per unit mass of stalagmite rock, termed “water yield”
hereafter, serves as a measure for its total water content. The stalagmites’ water yield
records vary systematicaIIY with the corresponding oxygen isotopic compositions of the
calcite (6 1BOCamite). Low & SOcalcite values are thereby accompanied by low water yields
and vice versa. Based on the paleoclimatic interpretation of the 6180calcite records,
water yields can be linked to drip water supply. High drip water supply caused by high
precipitation rates supports homogeneous deposition of calcite with low porosity and
therefore a small fraction of water-filled inclusions, resulting in low water yields of the
respective samples. A reduction of drip water supply fosters irregular growth of calcite
with higher porosity, leading to an increase of the fraction of water-filled inclusions and
thus higher water yields. The results are consistent with the literature on stalagmite
growth and supported by optical inspection of thin sections of our samples. We propose
that for a stalagmite from a tropical or subtropical area, its water yield record represents
a novel paleoclimate proxy recording changes in drip water supply, which can in turn
be interpreted in terms of associated precipitation rates.

1 Introduction

Stalagmites have been recognised as distinguished paleoclimate archives as they oc-
cur widespread in continental settings, are precisely dateable, and preserve a wealth
of high-resolution paleoclimate information over long time intervals (e.g. Cheng et al.,
2009; Dong et al., 2010; Fleitmann et al., 2003a, 2007; Henderson, 2006; Wang
et al., 2008; Zhao et al., 2010). For paleoclimate reconstructions, stalagmite studies
often focus on changes in the isotopic compositions of oxygen and carbon of the cal-
cite (61800a,cite, 613Cca,cite) to identify major climatic events (e.g. Burns et al., 2001;
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Fleitmann et al., 2009; Liu et al., 2010), to reconstruct changes in precipitation (e.g.
Griffith et al., 2010; Vaks et al., 2010), and to infer type and density of plant cover above
a cave (e.g. Cosford et al., 2009; Dorale et al., 1998). However, our understanding of
the true sensitivity of 61800alcite and 613Ccalcite values to climatic and environmental
variables remains limited and interpretation of speleothem stable isotope records is
therefore often controversial (e.g. Clemens et al., 2010; LeGrande and Schmidt, 2009;
McDermott et al., 2006). A way to reduce these uncertainties is to measure additional
climate-sensitive parameters in speleothems. Further information on paleoclimatic con-
ditions can for example be obtained from drip water trapped in fluid inclusions during
stalagmite growth. Its hydrogen isotopic composition (in combination with correspond-
ing 61socalcite) has been used to reconstruct paleotemperatures (e.g. Zhang et al.,
2008) and changes in the source and amount of precipitation (e.g. Fleitmann et al.,
2003b; Harmon et al., 1979; McGarry et al., 2004; Schwarcz and Harmon, 1976). More
recently, concentrations of noble gases dissolved in the fluid inclusion water have been
used to determine absolute temperatures prevailing in a cave during stalagmite growth
(Kluge et al., 2008; Scheidegger et al., 2010, 2011). These so-called noble gas tem-
perature determinations require the quantification of the amount of water from which
the dissolved noble gases are released. In the course of noble gas temperature deter-
minations on samples from two Holocene stalagmites from Socotra Island (Yemen), we
observed that the amounts of water extracted per unit mass of stalagmite rock (the “wa-
ter yields”) vary systematically with the respective stalagmites’ &' Ocalcite; Which had
previously been shown to reflect changes in the rates of precipitation (Fleitmann et al.,
2007). The same co-variation of water yield and 61800a|cite was observed in a stalag-
mite grown during the Eemian in Southern Continental Yemen. Also for this stalagmite,
the 61800a|cite record was found to reflect mainly changes in precipitation rates (Fleit-
mann et al., 2011). We therefore propose that a stalagmite’s water yield represents
a new paleoclimate proxy responding to changes in drip water supply.
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2 Experimental
2.1 Sampling sites

Figure 1 shows the locations of the caves from where the three studied stalagmites
originate. Stalagmites D1 and P3 were taken from Dimarshim Cave and Pit Cave, re-
spectively, located on opposite sides of the central mountain range of Socotra Island,
Yemen. Socotra lies in the NW Indian Ocean, about 240 km east of the Horn of Africa
and 380 km south of the Arabian Peninsula. The modern climatic conditions on the is-
land are semi-arid and characterized by seasonally reversing monsoon winds (Scholte
and De Geest, 2010). Rainfall is associated with the passing of the Intertropical Conver-
gence Zone over the island, resulting in a mean annual precipitation of approximately
300 mm (Fleitmann et al., 2007; Scholte and De Geest, 2010; Shakun et al., 2007).
Stalagmite Y99 was taken from Mukalla Cave (see, Fleitmann et al., 2011) situated in
Southern Continental Yemen, an area that is also influenced by the monsoon. How-
ever, present-day precipitation in the Mukalla Cave region is considerably lower than
on Socotra Island and is characterized by arid to hyper-arid climatic conditions.

2.2 Dating

Absolute ages for all studied stalagmites are based on Uranium-series dating (**°Th-
dating hereafter). Details on the analytical method and results are provided by Fleit-
mann et al. (2007, 2011). Age models for D1 and Y99 were constructed by linear
interpolation between measured 2301 ages. A total of eight 2301 ages (see Fig. 2)
indicate that stalagmite D1 grew continuously with a mean growth rate of 0.25mm
a~" over the last 4.5ka. Stalagmite Y99 records several growth periods separated by
hiatuses (Fleitmann et al., 2011). For this study the growth period between 119 and
131 ka BP was analyzed. During this period Y99 grew at a mean growth rate of about
0.013mma™" as deduced from a total of seven 2*°Th ages. The studied part of the sta-
lagmite is separated from older parts by a distinct change in calcite texture and colour.
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Photographs of stalagmite Y99 including locations for dating can be found in Fig. 2 in
Fleitmann et al. (2011). In this figure, the part of stalagmite Y99 studied here is referred
to as section I. Two 2*°Th ages measured at the top and base of stalagmite P3 (see
Table 1 and Fig. 2) indicate that it grew within the time period of about 10 to 1.3 ka BP.
A marked change in colour (arrow in Fig. 2) close to the top of P3 indicates a growth
hiatus. The existing ages do not allow drawing conclusions on the timing of the growth
hiatus, and the chronology of P3 is thus only poorly constrained.

2.3 Stable isotope analyses

Oxygen isotopes for stalagmites Y99 and P3 were analyzed on a Finnigan Delta V Ad-
vantage mass spectrometer equipped with an automated carbonate preéaaration sys-
tem (Gas Bench-II, see Fleitmann et al. (2011) for analytical details). &' Ocalcite Mea-
surements of stalagmite D1 were performed on a Delta-plusXL mass spectrometer and
are published in Fleitmann et al. (2007). 61BOca|cite values are presented as parts per
mil (%o) relative to the Vienna PeeDee Belemnite (VPDB) standard.

2.4 Water yield measurements

Inclusion water was extracted from 30 samples of stalagmite D1, 13 samples of sta-
lagmite P3, and 5 samples of stalagmite Y99. The extracted water amounts, i.e. the
water yields (defined as the amounts of water extracted per unit mass of stalagmite
rock), as well as total water contents (defined as the total amount of water per unit
mass of stalagmite rock) are given as mass of water per unit mass of stalagmite rock
in Table 2 and throughout the paper. Prior to water extraction, each sample was first
crushed to a grain size of about 350 um. Crushed samples (approximately 5g for D1
and P3, <1 g for Y99 samples) were then loaded into a high vacuum water and noble
gas extraction system (Scheidegger et al., 2010, 2011). Water was extracted from the
grain separates by heating. The extracted amounts of water were then determined by
concentrating the water into a known volume and measuring the water vapour pressure
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manometrically following the experimental procedure described by Scheidegger et al.
(2010). At temperatures above approximately 600 °C, water extraction from the sam-
ples is quantitative, as at these temperatures calcite begins to disintegrate into CaO
and CO, (e.g. Faust, 1950; Yonge, 1982). The generated CO, however would signif-
icantly disturb the water vapour pressure measurements (see also Sect. 2.5). There-
fore, the grain separates were heated for 1 h to only 320°C (D1 and P3 samples), and
400°C (Y99 samples), respectively. The resulting water yields are considerably lower
than the total water contents of the samples. The water yield is mainly a function of
the extraction temperature and duration, but also of the texture of a given stalagmite
sample. Therefore, a direct comparison of water yields is only meaningful for samples
taken from the same stalagmite, and only if extraction was performed under the same
experimental conditions for all samples.

2.5 Additional water extraction experiments

In order to further study the relationship between water yield and the total water con-
tent of the samples, additional water extraction experiments were performed. Small
blocks (1-5g) were cut from stalagmites D1 and P3 close to the positions of samples
used for water yield determinations to enable a direct comparison of the respective
extracted water amounts. The blocks were broken into few pieces and loaded into
a vacuum crusher described by Scheidegger et al. (2010). In a first step, each sam-
ple was crushed to a very fine powder (50-80 wi% of the powder had a grain size of
<85 um), and the water amount released during crushing was determined. In a second
step, this powder was heated to 480°C for 1 h to extract as much water as possible at
conditions that still allowed determination of an accurate water vapour pressure. The
cumulative water yields extracted during crushing and subsequent heating to 480°C
are referred to as “water yield crushing + heating 480°C” in Table 2 and Fig. 3. For
both stalagmites, a correlation was observed between the water yields obtained from
extraction at 320 °C and the combined crushing/heating procedure (Fig. 3). The lat-
ter water amounts are systematically higher by about a factor of 10 compared to the
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former ones. Interestingly, the fractions of water released during crushing alone (i.e.,
prior to heating the powder to 480 °C) are significantly different for D1 and P3 samples.
In the case of P3, about 70 % of the extracted water was released by crushing, followed
by another 30 % by heating of the crushed sample. For D1 samples about 40 % of the
water was released during crushing and 60 % by subsequent heating.

Subsequent to the 480 °C heating step, two samples of D1 were heated to 650 °C for
1 h, a temperature at which calcite begins to decompose (Faust, 1950; Yonge, 1982)
and water extraction is quantitative (Yonge, 1982). In both cases, the extensive heating
caused a gas pressure that, if generated by water vapour, would have been approxi-
mately equivalent to another 40 % of water released from the samples. However, under
these conditions the gas pressure is largely controlled by the generation of CO, from
calcite (Scheidegger et al., 2010), and only a minor fraction of it is actually related to
water vapour. We therefore conclude that the water yields from the combined crushing
and heating to 480 °C are close to the total water contents of the samples.

The experiments show that water extraction from stalagmite samples occurs in
a highly systematic manner. The correlation shown in Fig. 3 illustrates that the wa-
ter yield is a quantity intrinsic to each stalagmite sample and can be used as a proxy
for its total water content.

2.6 Microscopy

Optical inspection of stalagmite thin sections was performed using a Zeiss Axioplan 2
optical microscope equipped with a DeltaPix camera and software. Thin sections were
prepared from parts of stalagmites D1 (thin sections D1-A, -B, -C) and P3 (thin sections
P3-A, -B) characterized by higher and lower water yields, respectively, in order to com-
pare measured water yields with volume fractions of inclusions estimated from optical
inspection (see Fig. 2 for locations of thin section in stalagmites D1 and P3). The thin
sections showed that inclusions were numerous and heterogeneous in size, shape, and
distribution. Thus, neither counting nor a distinction into (originally) water- and gas-filled
inclusions was practicable. Therefore, 8—16 microphotographs were taken at suitable
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magnifications and under transmitted light for each of the thin sections and were trans-
formed into black and white images applying a greyscale threshold (see Figs. 4 and
5). The threshold was selected such that only inclusions at the immediate surface (i.e.
open cavities and inclusions located within the uppermost few microns of the sections),
and not those from deeper parts of the sections, appeared as black areas in the pro-
cessed images. For all P3 images the same threshold value was used, for D1 images
the threshold values varied slightly due to variable greyscale distributions of the orig-
inal photographs. Subsequently, the fraction of black pixels was determined for each
image, and the results from all images of the same thin section were averaged. The
resulting mean values (given with the respective standard errors of the means in the
results section) served as an estimate of the volume of fluid inclusions per unit volume
of stalagmite rock. We thereby imply that a sample with a high volume fraction of fluid
inclusions (i.e., comprising both water- and gas-filled inclusions), is also characterized
by a high volume fraction of water-filled inclusions alone and vice versa.

3 Results
3.1 Water yields and oxygen isotopes

Figure 6 shows for D1, P3, and Y99 the correlations of water yields with 61goca,0ite
values. For this comparison, the resolutions of both parameters had to be adjusted,
because samples for water yield analyses were taken with spatial resolutions of 1cm,
while samples for oxygen isotope measurements were taken at resolutions of about
2mm (D1), 5mm (P3), and 1 mm (Y99). Therefore, 61800a|cite values were averaged
such that each water yield data point was compared with the mean of the spatially
closest 5 (D1), 3 (P3), and 9 (Y99) 61800alcite values. A correlation between the param-
eters water yield and 61800a|cite is obvious in all three stalagmites and significant on
the 5 % level or better (Fig. 6). For all three stalagmites low water yields correspond to
low 6180061,0“6 values and vice versa.
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The observed correlation between water yield and oxygen isotopic composition was
further assessed by applying parametric Sequential t-test Analyses of Regime Shifts
(STARS, Rodionov, 2004; Rodionov and Overland, 2005) to determine regime shift
points in the stalagmites’ § 1800a|cite records. Thereby, the targeted significance level p
was predefined to 0.05 and for the window length L we used 10, 20, and 30 data points,
respectively. The most prominent regime shift point for each 6 18Ocalcite record is shown
as a dashed red line in Fig. 7. Subsequently, the water yield and 6180Cﬁ,0ite values
on both sides of the respective major shift points were compared with each other by
means of the Student’s t-test. Mean values with standard errors of the means for all
oxygen and water yield data prior and after the respective major regime shift points are
given in Fig. 7 and are additionally visualized as grey areas in the plots.

3.1.1 Stalagmite D1 (Fig. 7a)

The D1 61800a|cite ranges around values of about —3 %. between 4.35 and 1.3 ka BP, fol-
lowed by an overall decrease of the 61800a|cite values between 1ka BP to the present.
STARS determines the major regime shift point in the D1 oxygen isotope record at
1.25 ka BP, which corresponds to a pronounced negative excursion with & 1Bocaﬂcite val-
ues as low as —-5.3 %.. Note that each of the different window lengths applied resulted
in the same major regime shift point. Application of the Student’s t-test shows that the
D1 61800a|cite values prior to and after the major regime shift point are significantly dif-
ferent from each other at the 1 %. level. Accordingly, also the water yields on both sides
of the major regime shift point (as defined via the 61806a|cite data) are different from
each other at the 1 %o level.

3.1.2 Stalagmite P3 (Fig. 7b)

The P3 618003|cite values range around -2 %. between 53 and 7 cm from the top of

the stalagmite. In contrast, the character of the 6 1800alcite record of the uppermost few

centimeters of P3 is clearly different showing a distinctly larger variability of 51800alcite
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values over small distances with individual values of up to +0.5 %.. STARS detects the
major regime shift point at 6 cm distance from the top of the stalagmite, again using
window lengths L of 10, 20, and 30 data points, respectively. Indeed, the P3 & 1800alcite
values on both sides of the regime shift point are significantly different from each other
at the 1 % level. Also the water yield values on both sides of the regime shift point at
6 cm distance from the top are different from each other at the 5 % significance level.

3.1.3 Stalagmite Y99 (Fig. 7¢)

The Y99 6'80,,4 Values range around —11%. between 131 and 121ka BP. Like
P3, also Y99 shows in its youngest part (121-119 ka BP) a distinctly larger variability
of 61800alcite values over small distances with individual values of up to —6%.. For
this 6180calcite record STARS detects the major regime shift point at 120.6 ka BP. The
518Ocalcite values on both sides of this shift point location are significantly different from
each other at the sub-permil level. Also the water yields prior and after the major regime
shift point are different from each other at a significance level of 1 %.

As shown in Fig. 7, for all three stalagmites low mean water yields correlate with low
mean 6180%“0“6 and vice versa, corroborating the results from the direct comparison
of both parameters described above and shown in Fig. 6.

3.2 Relationship between water yield and the occurrence of microscopically
detectable fluid inclusions

Image-processed microphotographs of thin sections were used to optically estimate
volume fractions of fluid inclusions from parts of stalagmites D1 and P3 characterized
by high and low water yields, respectively.

Thin sections D1-A and D1-B were prepared from the upper part of stalagmite D1
characterized by low water yields. The volume fractions of fluid inclusions for D1-A and
D1-B are (2.6 £0.3) % and (2.7 £ 0.3) %, respectively. Thin section D1-C was prepared

2903

8, 2893-2920, 2012

Drip water supply in
tropical and
subtropical areas

N. Vogel et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/2893/2012/cpd-8-2893-2012-print.pdf
http://www.clim-past-discuss.net/8/2893/2012/cpd-8-2893-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

from the lower part of the stalagmite characterized by high water yields, and also shows
a higher volume fraction of fluid inclusions of (3.7 + 0.3) % compared to D1-A and -B.

For thin section P3-A, prepared from the top of the stalagmite with overall high water
yields, the volume fraction of fluid inclusions is (2.4 + 0.4) %. Thin section P3-B, pre-
pared from a lower part of the stalagmite characterized by low water yields, also shows
a slightly lower volume fraction of fluid inclusions of (2.0 £ 0.8) %.

The results from optical inspection of thin sections support those from our actual wa-
ter yield measurements. For both stalagmites, those parts characterized by high water
yields also show large volume fractions of fluid inclusions and vice versa. Nonethe-
less, we emphasize that especially the selection of appropriate threshold values to
distinguish fluid inclusions (both air- and water-filled) from other features (e.g. surface
roughness) of the thin sections is to a certain degree subject to the examiner’s personal
judgement, which might bias the respective results. Thus, in order to infer for a given
set of stalagmite samples a reliable record of water contents, extraction of inclusion wa-
ter under uniform experimental conditions is certainly preferable to the more subjective
tool of microscopic inspection of thin sections.

4 Water yield, oxygen isotopes, and drip water supply

Numerous oxygen isotope studies on stalagmites from Yemen and Oman have shown
that 6 1BOcaIcite records reflect precipitation rates in the area with decreasing 180%“0“6
values indicating increasing precipitation rates and vice versa (e.g. Burns et al., 1998,
2001; Fleitmann et al., 2003a, b, 2004, 2007, 2011).

The oxygen isotope record of stalagmite D1 is characterized by fairly constant pre-
cipitation on Socotra Island between 4.3 to 1.2ka BP. From 1.2ka BP to the present,
61800a|cite values decrease considerably, which indicates an increase in precipitation
rates (see also, Fleitmann et al., 2007).

Also the 61800a|cite pattern of stalagmite P3 implies fairly constant precipitation over
large parts of the record. The uppermost few centimeters of P3 are characterized by
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rapidly changing 6180%1,&te values over short distances including two prominent excur-
sions to high 618003|Cne values at around 4.5 cm and 0 cm from the top of the stalagmite.
The peak at 4.5 cm correlates with a distinctive dark layer indicative of a growth hiatus
(see Figs. 2 and 7b). The second increase of 61800a|cite at 0 cm correlates with the final
termination of stalagmite growth. A corresponding carbon isotope record of stalagmite
P3 (not shown) shows two excursions towards high 61300a|cite values synchronous with
the positive 61800a|0ite peaks. We conclude that the excursions to higher, i.e. heavier
isotopic compositions for both oxygen and carbon are the result of reduced drip water
availability leading to higher rates of CO, degassing from the water film on top of sta-
lagmite P3. This process is known to cause simultaneous enrichment of 3¢ and '®0
in the precipitating calcite (e.g. Baker et al., 1997; Hendy, 1971).

The interpretation of the section of Y99 studied here is similar to that of P3. Between
131 and 121 ka BP, high precipitation rates lead to the lowest mean 61800a|cite values
found in the stalagmite (cf., Fleitmann et al., 2011). The time span between 121 and
119ka BP is characterized by strongly variable 6180ca,0ite values including prominent
excursions to higher, i.e. heavier 6180Cal,‘:ite values similar to those found in P3. This
implies an overall reduction of drip water supply between 121 and 119 ka BP, ultimately
followed by the termination of growth of stalagmite Y99.

The interpretation of 61800alcite in terms of drip water supply allows establishing a link
between water yields of the studied stalagmites and drip rates. 61800alcite in D1 indi-
cates a period of constant precipitation, implying a constant drip water supply, between
4.3 and 1.2 ka BP. During the last 1 ka BP precipitation, and therefore also the drip rates
for D1 increase. During the same time interval D1 shows reduced water yields in the
respective stalagmite samples. Therefore, we infer that the fraction of water-filled inclu-
sions (governing the water yield of a given sample) in the stalagmite is reduced during
times of higher drip water supply. The P3 and Y99 61800a|cite data both indicate phases
of fairly constant precipitation and therefore constant drip rates. These are followed by
periods of lower precipitation and thus lower drip rates recorded in the uppermost few
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cm of the two stalagmites, respectively. For both stalagmites, these uppermost parts
are also characterized by the highest water yields. Consequently, we conclude that
a reduction of drip water supply increases the fraction of water-filled inclusions in the
growing stalagmite.

This conclusion might at first sight be “counterintuitive”. However, our observations
are supported by several studies on stalagmite growth and formation of stalagmite fluid
inclusions (e.g. Fairchild et al., 2008; Frisia et al., 2000; Genty and Quinif, 1996; Yonge,
1982). All studies agree that a high supply of drip water, being usually characterized
by low calcium ion supersaturation (e.g. Sherwin, 2011), supports a slow and constant
growth of calcite crystals, which results in a low density of crystal defects. Such “ideal”
crystal growth conditions lead to a low porosity and therefore a low fraction of fluid in-
clusions in the calcite precipitate. Low drip rates (with high calcium ion supersaturation
of the water) lead to a more effective degassing of CO, from the drip water, which in
turn causes faster carbonate precipitation. In addition, low drip rates can cause peri-
odic exposure of the growing crystals to the cave air. Both effects result in a “non-ideal”
crystal growth and a higher porosity, and therefore a larger fraction of fluid inclusions
in the calcite fabric (Fairchild et al., 2008; Frisia et al., 2000; Genty and Quinif, 1996).

5 Conclusions

We present water yield measurements, serving as proxy measures of the total water
content of stalagmite samples, together with oxygen isotope records for two Holocene
stalagmites from Socotra Island, Yemen, and one Eemian stalagmite from southern
continental Yemen. Water yield measurements are qualitatively supported by the vol-
ume fractions of fluid inclusions in the stalagmites, estimated from optical inspection
of stalagmite thin sections. Water yields vary systematically with changes in the oxy-
gen isotopic compositions of a given stalagmite. Thereby, isotopically light oxygen is
accompanied by low water yields and vice versa. Based on the paleoclimatic inter-
pretation of the stalagmites’ 618003,dte records in terms of drip water supply, we infer
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that stalagmite samples with low water yields formed during times of increased drip
water supply, allowing undisturbed calcite growth and thus leading to inclusion-poor
stalagmite rock and vice versa. We therefore propose that for stalagmites from tropical
or subtropical areas, water yield records allow direct conclusions on changes in drip
rates which in turn can be used to track changes in the rates of precipitation. Further
research will have to show whether or not this new paleoclimate proxy can also be
applied to stalagmites grown under different climatic conditions.
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Table 1. Results of 230Th-dating of stalagmite P3 (see Fleitmann et al. (2007) for details on the
analytical techniques).

Sample Distance ¢(Th) c(U) 234y/2%8y 23072321 2307R234y Age
from top (ppb) (ppb) (ka BP)
(cm)
P3-a 0.5 0.496+0.007 330.7+0.9 1.2408+0.0033  31+2  0.0123+0.0007 1.34+0.09
P3-b 75 0.176+0.001 376+1  1.2778+0.0039 760+11  0.0920+0.0011 10.5+0.2
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Table 2. Water in stalagmites D1 and P3.

Sample Age Water yield Water yield Sample Distance Water yield Water yield

(ka BP) 320°C crushing+heating from top 320°C crushing+heating
(10*gg™") 480°C (10™*gg™) (cm) (10*gg™) 480°C (107*gg™)

D1-1 0.04 1.96£0.02 P3-1 0.5 3.33+0.04

D1-2 0.07 2.58 +0.03 P3-2 0.5 3.30+0.04

D1-3 0.19 1.77 £0.02 P3-3 1 2.92+0.04

D1-4 0.30 2.22+0.03 P3-4 2 1.80+0.02 18.3+0.3

D1-5 0.37 2.53+0.03 26.4+£0.4 P3-5 3 3.55+0.04

D1-6 0.74 3.31+£0.04 P3-6 7.3 2.87+£0.03 36.2+0.3

D1-7 1.60 3.02+0.04 P3-7 13 2.29+0.03 13.1£0.6

D1-8 1.75 4.96 +0.08 P3-8 20 2.13+0.03

D1-9 1.80 3.50£0.04 P3-9 27 2.12+£0.03 23.6+£0.2

D1-10 1.85 4.73+£0.06 P3-10 41 1.58+£0.02

D1-11 1.89 5.85+0.07 P3-11 45 0.86 +£0.01 7.3+£0.2

D1-12 1.90 5.30+0.06 P3-12 51 1.72+0.02

D1-13 1.95 3.76 £0.04 P3-13 69 2.87+£0.03 28.1+£0.2

D1-14 2.00 4.70+0.06

D1-15 2.05 3.07 £ 0.04

D1-16 2.10 2.98 +£0.04 Sample Age Water yield 400°C

D1-17 215  3.43£0.04 (ka BP) (107%gg™

D1-18 2.20 3.70+0.04 324+04 Y99-1 119.7 21.3+£0.6

D1-19 2.37 6.00+0.07 Y99-2 119.7 21.2+0.6

D1-20 2.45 4.45+0.05 Y99-3 124.2 10.3£0.2

D1-21 3.13 2.07 £0.02 Y99-4 126.5 5.98+£0.08

D1-22 3.14 3.75+£0.05 Y99-5 129.2 7.9+0.1

D1-23 3.19 5.20 +0.06

D1-24 3.49 3.74+£0.04 47.4+0.6

D1-25 3.72 3.88+0.05

D1-26 3.80 3.60+0.04

D1-27 4.28 4.86 +0.06

D1-28 4.32 4.30+0.05 43.0+£0.4

D1-29 4.53 4.55+0.05

D1-30 4.56 4.04 £0.05

D1, P3, and Y99 water yields extracted from grain separates (mean grain diameter 350 um) at different temperatures.

For selected samples of D1 and P3 also the water yield resulting from combined vacuum crushing and subsequent
heating of the powder to 480 °C (“water yield crushing + heating 480 °C”) is given. Uncertainties of water yield
measurements take into account the precision of the manometer and the uncertainty introduced by a residual
hydrogen pressure (for details, see Scheidegger et al., 2010, 2011). 2301 age uncertainties are <3 %. For detailed
information on the age uncertainties of D1 and Y99 see Fleitmann et al. (2007) and Fleitmann et al. (2011),

respectively.
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Fig. 1. Overview map showing Yemen with Socotra Island and the locations of Mukalla Cave,
Dimarshim Cave, and Pit Cave.
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Fig. 2. Photographs of polished sections of stalagmites D1 and P3 cut parallel to their growth
axes including locations for 2301 dating (black dots for D1, white dots for P3). The arrow points
to a potential growth hiatus in stalagmite P3. White squares indicate areas from which thin
sections for stalagmite D1 (D1-A, -B, -C) and P3 (P3-A, -B) were prepared. For D1 sections
also the approximate covered time intervals are given. Photographs for Y99 with locations for
dating are presented in Fleitmann et al. (2011).
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Fig. 3. Comparison of water yields resulting from heating to 320 °C and from crushing and sub-
sequent heating to 480°C of selected samples of stalagmites P3 and D1. Both quantities are

linearly correlated (coefficient of determination r? = 0.97). Uncertainties of water yield determi-
nations are, with one exception, smaller than the symbol sizes.
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Fig. 4. Examples of microphotographs of stalagmite thin sections P3-A (a) and P3-B (c) char- Full Screen / Esc

acterized by higher and lower water yields, respectively. Also shown are their respective pro-
cessed black and white images (b, d), in which inclusions at the thin sections’ surface are
visible as black pixels. Images (b) (P3-A) and (d) (P3-B) show 6.8 % and 4.3 % of black pixels,
respectively.
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Fig. 5. Examples of microphotographs of stalagmite thin sections D1-A (a) and D1-B (c), both
characterized by lower water yields, and thin section D1-C (e) from an area characterized by
higher water yields. Also shown are the respective processed black and white images (b, d, f).
The large dark circle in photograph D1-B (c) is an artefact from thin section production and was
not taken into account for black pixel counting. Images (b) (D1-A) and (d) (D1-B) show lower
percentages of black pixels (2.3 % and 2.7 %, respectively) than image (f) (D1-C, 4.8 %).
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Fig. 6. Correlation between water yield and 6'80,, ., for stalagmites D1 (a), P3 (b), and Y99 Printer-friendly Version

(c). Water was extracted at 320 °C for D1 and P3 samples, and at 400 °C for Y99 samples. Error
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bars of 61socalcite values represent standard deviations of mean values.
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Fig. 7. Water yield and oxygen isotopic compositions of stalagmite D1 (a), P3 (b), and Y99 (c)
plotted as functions of sample age (D1, Y99), and distance from top (P3). Dashed red lines refer
to the major regime shift points as defined from the 61800,5“cite data using STARS (Rodionov,
2004). Numbers in squares represent mean values with standard errors of the means of the
data points on both sides of the major regime shift points, respectively. The means are also
visualized as grey squares in the plots, the height of the squares corresponding to the standard

errors of the means.
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